The future missions for astrophysical studies in the submillimeter region will need detectors with very high sensitivity and large field of view. Bolometer arrays can fulfill these requirements over a very broad band. We describe a technique that enables bolometer arrays that use quarter wave cavities to have a high spectral response over most of the submillimeter band. This technique is based on the addition on the front of the array of an anti-reflecting dielectric layer. The optimum parameters (layer thickness and distance to the array) are determined by a 2D analytic code. This general principle is applied to the case of the Herschel PACS bolometers (optimized for the 60 µm -210 µm band). As an example, we demonstrate experimentally that a PACS array covered by a 138 µm thick silicon layer can improve the spectral response by a factor 1.7 in the 450 µm band.
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Introduction
The recently launched Herschel Space Observatory has provided astronomers with a spectacular and promising glimpse of the submillimeter universe [1] . For the next generation submillimeter instruments operating from space [2] or from ground-based facilities [3, 4] , the improvement of performance generally implies to have better detector sensitivities and larger fields of view. Another important point is the ability to fully cover the region between farinfrared and millimeter (typically between 50 µm and 2 mm). This means that the spectral response of the detector has to be optimum in the considered spectral window.
Bolometers are the detectors of choice for direct detection in this part of the spectrum. To get a high absorption efficiency, modern bolometer arrays generally use quarter wave cavities to absorb the incoming radiation from the telescope. They are therefore restricted, by design, to work in a specific spectral window. It is not a straightforward process to modify the spectral range of operation of this type of detectors once assembled, because their cavities are usually made by spacers, etched materials or mechanical handling systems. However, when groups provide detectors to a project, many models are produced and only the ones with the perfectly matching parameters are selected for the mission. But some non-selected detectors can potentially give good performances in other bands, if their spectral response is enhanced. We have studied a technical solution which is simple, fast to assemble and not expensive, that enables a detector originally designed for a single band to work in other spectral windows. The solution is based on an anti-reflecting (AR) layer whose optimum parameters are obtained by modeling.
This paper first describes the model used to obtain the spectral response: a 2D analytic method which is fast, easy to implement and more flexible than heavy 3D electromagnetic software. Then the method is applied to the particular case of Herschel PACS bolometers. Our group has developed these semiconductor sensors for the PACS photometer [5, 6] . These bolometers are optimized for the 60 µm -210 µm band, but their spectral response decreases toward longer wavelengths (see next section). With the new method described in the paper, we have found that simple configurations with AR layers enable the PACS detectors to operate at longer wavelengths (bands beyond 300 µm). We focused our development on the 450 µm atmospheric window which is accessible from ground-based telescopes and which is of particular interest for astrophysical science. The results of simulation are compared to spectrometer measurements for validation in section 3.
Modeling the Bolometer Spectral Response

2.A. Absorption principle of bolometers with λ/4 cavities. Case of the PACS bolometers
Bolometer camera instruments for far-infrared to millimeter astronomy traditionally use integrating cavities and circular-aperture feedhorns to couple the detector to the telescope beam [7] . Generally, 2F λ or 1F λ horns were used to populate the focal planes of submillimeter bolometer cameras, with the disadvantage of undersampling the image. This is the main reason why many submillimeter cameras now use arrays of 0.5F λ bare detectors that instantaneously fully sample the image [8] , and in most of the cases, the absorption is made by using λ/4 cavities.
We now take the example of the Herschel PACS detectors to describe the general behaviour of bolometers with such cavities. The bolometers that we have developed for Herschel were the first ones to use this cartesian architecture for far-infrared / submillimeter astronomy (see Fig. 1 , [9] ). The principle of wave absorption is based on the Dennison-Hadley interference filters [10] , sometimes called Salisbury screens [11, 12] . This consists in a reflecting metal layer placed at the bottom of a cavity (backshort), normal to the plane of propagation of the wave. In such a device, because of interferences between the incident and the 180
• phase shifted reflected waves, a standing wave develops with a minimum of electric field intensity at the backshort and a maximum at a distance λ/4 above it. If an absorber is placed there (typically a resistive layer with a square resistance equal to the impedance of free space), 100% of the energy at this wavelength λ can be absorbed. This absorbed incident power is converted to thermal energy and a thermometer measures the temperature rise. For PACS, we use a semiconducting thermometer (phosphorous doped silicon, compensated with boron impurities, [13] ) located at the center of an etched silicon membrane, working at cryogenic temperature (300 mK). The silicon film is patterned as a thin grid in order to reduce the heat capacity and the cross-section to cosmic rays [14] . A very thin layer of absorber is deposited on the supporting silicon grid and absorbs the incoming submillimeter radiation (see Fig. 2 ). This is not a uniform film, but a periodic resonant structure made of square loops, to improve the spectral response in a certain optical band (see next section for the details). The vacuum quarter-wave cavity is obtained by indium bumps hybridization techniques. These spacers have three distinct roles: (i) define the cavity height, (ii) make a thermal link between the silicon detection layer and the substrate which is kept at a constant temperature, (iii) conduct the electrical signals between the thermometer and the cold-stage electronics which is located near the reflector. In PACS, the indium bumps are 20 µm thick. This enables us to cover the region between 60 µm and 210 µm with two distinct focal planes and three different optical filters [5] . Ideally, the detection of longer wavelengths should be possible by increasing the size of the indium bumps, but re-hybridization with larger structures is not a straightforward process.
From Fig. 2b it should be noted that the grid does not extend over the entire pixel surface (fill factor = 85%). Mirotznik et al. [15] have studied the influence of the area fill factor on the absorption for infrared detectors using λ/4 cavities. They showed that because of diffraction effects on the sides of the absorbing surface, the absorption can be improved by a factor up to 3 compared to the purely geometric estimate. We applied this principle to longer wavelengths and found that for PACS pixels (750 µm pixel pitch) at 150 µm, the correction factor is 1.1 (corresponds to a pixel pitch of 50 µm at a wavelength of 10 µm in Fig. 3 in [15] ).
2.B. Characteristic matrix method
The model used to compute the spectral response of the bolometers is based on the method of characteristic matrix. This method was first described by Abelès [16] , and is now widely used in the thin film domain thanks to its ability to be rapidly solved by common programming languages. Considering a thin dielectric layer of thickness d 1 and refraction index n 1 , it is possible to build a 2 × 2 matrix that links the electric fields of the two interfaces a and b of the film, see Fig. 3 .
For one layer, the relation is (from [17] )
where E a is the total electric field at the first interface (sum of incident and reflected fields), H a is the total magnetic field at this same boundary. E b and H b are respectively the total electric field and magnetic field at interface b. The optical admittance of the medium is defined by η 1 = n 1 η 0 cosθ 0 for TE modes and η 1 = n 1 η 0 /cosθ 0 for TM modes. η 0 = 1/Z 0 = 1/377Ω is the free space admittance and θ 0 is the incident angle on the first layer. The phase shift β 1 due to the propagation through the medium is
where λ is the wavelength in vacuum. The optical admittance is also defined by the general form
The equation (1) transforms into
where (M) is the characteristic matrix of the layer m and η s is the admittance of the exit medium (substrate). Defining B = E a /E b and C = H a /E b , then for a stack of q layers, Eq. (4) becomes
which is the general expression for thin films theory. The amplitude reflexion coefficient at the entrance of the multi-layer is defined by
where η = C/B is the optical admittance of the assembly. Combining Eqs. (3) and (6), the reflexion coefficient can be written as
The reflectance of the multi-layer stack is therefore given by R = r×r * . As we are interested in the spectral response of the detector (its absorptance A), the model will evaluate the quantity A(λ) = 1 − R(λ), assuming that no radiation exits the back of the bolometer. The advantage of this method is that each layer in the stack is only characterized by a matrix and two parameters (n and d), making it well suited for computer modeling and optimization.
2.C. Spectral response of a simple cavity
The matrix method is applied to the case of the PACS bolometers by considering a stack of several thin layers (see Fig. 2 ): a reflector, a vacuum quarter-wave cavity, an absorber and a supporting thin silicon grid. Except for the quarter-wave cavity, all the other layers can not be considered as simple dielectric layers. The following sub-sections describe for each of these media the characteristic parameters that will be used in the matrix calculation. These parameters (thickness and refractive index) are listed in Table 1 . As this method works with semi-infinite layers, the results of the simulation need to be confirmed by 3D finite-element software (see section C. 4).
2.C.1. Reflector
In order to get total reflection in the submillimeter wavelength range, the skin depth inside the metal forming the reflector has to be much smaller than the physical thickness. The skin depth is defined by
where ω is the radian frequency, µ 0 is the permeability of free space (4π×10 −7 H/m), µ r is the relative permeability of the metal and σ its electrical conductivity. For PACS, the metallic reflector consists in a 150 nm layer of gold deposited on a silicon substrate. From [18] , the electrical conductivity for gold at sub-Kelvin temperatures is 5×10 9 S/m, so at a wavelength of 100 µm and with µ r = 1, the skin depth is δ ≃ 4 nm, which is small compared to the gold thickness used in our devices.
In the schematic view of Fig. 3 , this reflective layer corresponds to the substrate, with the difference that no wave is transmitted through it. At the surface of the metallic layer (the boundary b), the tangential electric field E b is equal to 0. So E b = E 
The optical admittance of the assembly in that special case is η = C ′ /B ′ , so Eq. (7) can still be used with B ′ and C ′ replacing B and C respectively.
2.C.2. Absorber
In the infrared to submillimeter domain, absorbers are traditionally made of thin metal layers whose thickness is adjusted in order to get the appropriate impedance. In DennisonHadley filters, it is well known that the maximum absorption efficiency (100% at the peak wavelength in theory) is obtained when the impedance of the absorber matches the free space impedance [12] . In the fields of radar technology and telecommunications, absorbers with periodic resonant geometrical structures are sometimes used instead of homogenous layers, in order to increase the bandwidth (frequency selective surfaces or FSS, [19] ). The PACS bolometers were the first detectors to combine these two techniques (Dennison-Hadley filters and FSS) for submillimeter astronomy. In our design, the selected pattern is an array of square loops (Fig. 4) . Because of the resonant properties of the design, the absorber can not be considered as a simple homogenous lossy medium. Several authors have studied the electromagnetic properties of square loop FSS using equivalent circuit models [19, 20] . They developped expressions for the complex impedance, Z loop of square loop FSS that consist of a series RLC resonant circuit. It is defined by
R s is the sheet resistance and is responsible for the resistive loss defined by R s = 1/σ n d, where σ n is the electrical conductivity of the material and d its thickness. The inductance X L comes from the finite length of the squares and the capacitance B C comes from the spacing between two loops. X L and B C are defined by
and
H is defined in the Appendix A. For a given material and a fixed film thickness, the equivalent sheet resistance of this type of periodic structure is larger than the one of a homogenous film. To obtain an absorber with an equivalent sheet resistance of 377 Ω/ , the material composing the loops must have a sheet resistance R s = 377 × F R . In the case of square loops, this reduction factor is at first order F R = s/p (see Fig. 4 for the description of the geometrical parameters). Electromagnetic simulations with a finite-element software have been performed to get the maximum absorption in the PACS bands and resulted in the following results: R s = 40Ω/ , p = 35 µm, s = 4.4 µm, g = 4.4 µm, d = 30.6 µm.
Choosing the absorbing material is a compromise between different technological constraints like the compatibility with other fabrication processes, the mechanical strength, the film deposition rate and the minimum achievable thickness. We use titanium nitride (TiN) because it satisfies most of these criteria. Given the TiN electrical conductivity at low temperature (σ n = 1 × 10 6 S/m), from R s = 1/σ n d we deduce the needed thickness, d, for impedance matching. For TiN, 40Ω/ correspond to a thickness of 20 nm. The TiN that is used for our device has a critical temperature T c = 3.9 K, it is therefore superconducting during the bolometer operation. Superconducting materials below their critical temperature are nevertheless resistive for AC currents induced by the incoming submillimeter wave. The BCS theory [21] introduces the concept of complex conductivity for superconductors which is written σ s = σ 1 − iσ 2 . In [22] , Mattis and Bardeen derived expressions for σ 1 /σ n and σ 2 /σ n that are function of temperature and of the electromagnetic wave frequency (σ n is the normal electrical conductivity of the material at T c ). σ 1 describes the thermally excited normal electrons, and is therefore responsible for absorption of the EM field. σ 2 represents the superconducting electrons and is ignored in our model [23] . To take into account the superconducting effect, instead of taking the normal sheet resistance R s , we have to consider another expression for TiN: R ′ s = 1/σ s d. In order to build the characteristic matrix of the TiN absorber, the refractive index must be obtained from the value of the complex impedance. Using the expression from [24] , the complex refractive index of the thin TiN film isñ
with ρ = Z loop × d.
2.C.3. Silicon grid
Because the TiN layer is too thin to be self-suspended, it is deposited on a 5 µm thick monocrystalline silicon grid that also contains the semiconducting thermometer (see Fig.  2 ). In [25] , Motamedi et al. have estimated the effective refractive index of such subwavelength microstructures. This grid has an effective refractive index calculated by the following expression:
where f is the silicon filling factor of the grid (61%), n Si is the refractive index of bulk silicon (3.4) and therefore n ef f = 2.2. The presence of this 5 µm silicon grid in the pixel cavity will slightly modify the spectral response compared to the simple case "reflector / absorber".
2.C.4. Simuation results
To validate the method of characteristic matrix as a pertinent simulation tool, the model is used to simulate the absorption of a PACS pixel (quarter-wave cavity of height d c = 20 µm and TiN loops with a pitch of p = 35 µm). The result is then compared to a simulation made with a finite element electromagnetic simulation software, Ansoft HFSS TM (see Fig. 5 ).
The curve a in Fig. 5 corresponds to the case of a simplified cavity made of a free-standing uniform absorber (with a surface impedance of 377Ω/ , not superconducting) located 20 µm above a reflector. The spectral response is maximum at 80 µm which correponds to λ = 4d c , as expected for Dennison-Hadley filters. The sudden absorption decrease toward the short wavelengths (near 40 µm) corresponds to the "zero" of these devices, which occurs at λ = 2d c . Adding a supporting 5 µm silicon grid above the absorber shifts the peak toward longer wavelengths (curve b). Even if the response is very high in the case of a uniform absorber, its profile is not flat and cannot optimally cover the two PACS bands represented in blue and purple in Fig. 5 . This limitation is overcome by introducing the textured absorber (curve c). The absorption is relatively constant over the entire PACS band and still very high (around 90%). The result is very similar to the HFSS modeling (curve d ) which gives credit to the matrix method for this kind of simulation.
As it has been previously described, our model can simulate the effect of the superconductivity of TiN, for which HFSS is limited. When the effect of superconducting TiN is introduced, the long wavelengths absorption decreases compared to the case of normal TiN (curve e). This device is limited to operation up to ∼ 350 µm (when the absorption drops below 70%). This simulated absorption is compared to measurements in section 3.
2.D. Enhancing the Response at Long Wavelengths
2.D.1. Demonstrator at 450 µm
The matrix method is easy to modify and runs fast on a personnal computer (it takes a few seconds to obtain the curves of Fig. 5 ). Therefore it is more adapted to test different design options than a typical finite element software. As a demonstration and example, the target band is 450 µm (425 -470 µm), which corresponds to an atmospheric transmission band that is accessible from ground-based telescopes located on dry and high sites. Based on the idea of optical systems that use AR layers to improve reflection or transmission in a particular band, our development consists in an AR layer placed at the front-end of the bolometer array (this structure is called PACS+AR thereafter). The free parameters for the design are: (i) the distance between the dielectric and the silicon grid of the bolometer, called airgap, (ii) the thickness of the AR dielectric layer in silicon, see Fig. 6b .
The model tests the different airgap/AR combinations and estimates, for each of these cases, the quality of the spectral response in the 450 µm band. Two criteria are evaluated to characterize the response: the average absorption coefficient in the band α, and its flatness index γ. The flatness index is defined by the average deviation from α (γ = 100% for a perfectly flat response and 0% for a step profile). We use a single performance coefficient (C abs = αγ) to find the optimum parameters that provide the best response in the band. Results are displayed in the form of a 2D map (Fig. 6a) . It shows that different combinations of thicknesses give good results, but not all of them are easily feasible. Solution A for example, which gives the best performance, corresponds to a very thin AR layer (13 µm) located just 2 µm above the PACS grid. Even if this solution is technically possible to build, it would require a complete design study, which is not the goal of this work. The solution B, which also gives a high response efficiency, requires the insertion of a 51 µm thick silicon layer at a distance of 179 µm (airgap) above the bolometer grid. As the interpixels walls have a fixed height of 450 µm because of the etching process (Fig. 2a) , this solution would require a silicon waffle shaped structure encapsulated in the PACS array. Similar structures have been made in our laboratory, and were successfully mounted on existing PACS arrays. For technical and practical reasons, we first focused on a simpler solution, (C ), that gives a lower C abs coefficient (mainly because the response is not flat), but which is technically easier to implement: a 138 µm thick silicon layer is deposited (glued) directly on the top of the 450 µm interpixel walls. Because of this simplicity of assembly, this solution has been selected to experimentally validate our method (see section 3).
Once the 2D map is obtained by the model (∼ 30 minutes of calculation time on a typical PC), the chosen solution is studied more in details (comparison with HFSS TM ). Fig. 7a shows the corresponding spectral response of solution C. The average absorption coefficient is 88% in the 450 µm band with HFSS TM , 71% with the matrix method for normal TiN and 65% for superconducting TiN. The different curves are in very good agreement between 100 µm and 440 µm, but the matrix method shows a larger dip near 480 µm compared to the HFSS TM case. The improvement in spectral response is significative compared to the bare bolometer pixel (43% absorption). To use this detector in a scientific instrument, the parasitic peaks of absorption at shorter wavelengths (below 400 µm) need to be strongly attenuated with a combination of long-pass and band-pass optical filters. The model has also been used to test the influence of the angle of incidence on the spectral response of the detector. Results on Fig. 7b show that the absorption is constant up to 20
• which is good enough for the requirements of a scientific bolometer camera (the final f-number is typically between 3 and 5 in a submillimeter camera with filled arrays, [26] ).
2.D.2. 350-735 µm Coverage
Based on this method, we have investigated the possibility to cover all the atmospheric windows between 350 µm and 735 µm with a 20 µm λ/4 cavity PACS array topped with an adapted AR layer. The results corresponding to the best performance are presented in Table  2 and in Fig. 9 .
For each atmospheric band considered in this example, there is a particular airgap/AR combination that improves the spectral response. Except for the 350 µm band, the absorption is improved by a minimum factor 2 (6 in the 735 µm band). All these solutions require waffle shaped structures inserted in the original array.
Experimental Results
3.A. Spectrometer Characterization
We used a polarizing Fourier transform spectrometer (Martin-Puplett) to measure the spectral response of the bolometer arrays with or without an AR layer. The experimental setup is detailed in Appendix B. In this setup, the global absorption of the 16 × 16 pixels array is deduced from the reflected signal of the FTS beam on its surface. Because the incident beam is larger than one pixel and because it is not normal to the surface (the incident angle is ∼ 5
• ), the interpixel silicon walls add a small scattering effect which results in oscillations in the spectral response. The model has been modified in order to take this effect into account, and the result can be seen in Fig. 9a for the normal PACS array case. Fig. 9b shows the spectral response of the PACS+AR layer (solution C ). The experimental data look very similar to the model, with an average absorption of 74% in the 450 µm band.
3.B. Bolometer camera on a telescope
We designed a camera for astrophysical observations in the 450 µm band equipped with a 16 × 16 PACS+AR array, similar to the one characterized with the FTS. This instrument is called p-ArTéMiS [26] , and was installed at the Cassegrain focus of the APEX telescope in the Atacama desert in Chile. During the different runs (in 2007 and 2009), the detector showed the expected performances in terms of optics and sensitvity [27, 28] .
Conclusion
Large arrays made of bolometers using quarter wave cavities are now commonly used in submillimeter cameras for astrophysics. Once assembled, it is not easy to modify the intrinsic spectral properties of these detectors. However, there are cases where it is interesting to use an array that was originally designed for a particular band to operate in other bands. For this purpose, our group has developed a technique using a front end anti-reflecting dielectric layer that enhances the spectral response of bolometer arrays in other windows. To get the optimum parameters of the dielectric layer, we have developed a model based on the method of characteristic matrix for thin films. The results of the model have been compared to outputs from Ansoft HFSS TM and show very good accordance.
We applied this general method to the case of the Herschel PACS bolometer arrays which was developed for the 60 µm -210 µm window. The cavity of the PACS detectors is formed by the hybridization of two layers with 20 µm indium bumps. We showed that it is possible to have a good spectral response for all the atmospheric transmission windows between 350 µm and 735 µm by adding a dielectric layer (silicon) with a thickness calculated by the model, over the original array. This design has been tested and validated experimentally in a spectrometer, and used for science purpose in a small submillimeter camera.
Appendix A: Details of the parameters for the square loops resonance.
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